Abstract -This paper presents vector magnetic properties of an electrical steel sheet (ESS) employed for electric machine and iron loss analysis considering the vector magnetic properties of the ESS. The vector magnetic properties of the ESS are measured by using a two-dimensional single sheet tester and modeled by an E&S vector hysteresis model to be applied to finite element method. The finite element analysis considering the vector magnetic properties is applied to iron loss analysis of a three-phase induction motor model, and the influences of the vector magnetic properties on the iron loss distribution are verified by comparing with numerical results from a typical B-H curve model.
Introduction
Magnetic field and iron loss distributions in electric machines are strongly influenced by the magnetic properties of electrical steel sheet (ESS) employed. With the development of a two-dimensional (2D) single sheet tester (SST), it has been proven that the electrical steel sheet has complicated vector magnetic properties, which have spatial phase difference, between magnetic flux density (B) and magnetic field intensity (H) under alternating and rotating magnetic fields [1] , [2] .
Conventionally, the vector magnetic properties of the ESS have not been considered for magnetic field and iron loss analyses for the electric machines, and the magnetic properties of the ESS have been assumed simply as the scalar magnetic properties [3] . The assumption may lead to inaccurate analysis for the magnetic field and iron loss distributions of the electric machines. The vector magnetic properties of the ESS should, therefore, be considered in finite element analysis (FEA) for more precise analysis of the electric machines.
In this paper, the vector magnetic properties of the non-oriented ESS are presented, and their influences on the magnetic field and iron loss distributions of a three-phase induction motor model are investigated. The vector magnetic properties are measured by using 2D SST, and modeled via an E&S vector hysteresis model to be applied to FEA. Through comparisons with the analyzed results by a typical B-H curve model, the influences of the vector magnetic properties on the three-phase induction motor model are verified.
Vector Magnetic Properties of Non-Oriented
Electrical Steel Sheet 2.1 Measurement System Fig. 1 shows a vector magnetic measurement apparatus referred as a 2D SST. In order to generate magnetic flux along the rolling direction (RD) and transverse direction (TD) with respect to a specimen, the exciting windings are positioned to yoke poles lain on RD and TD. The specimen is located at the center of yoke poles, and two B-coils consisted of one turn of 0.08(mm) diameter are inserted to the center of the specimen to measure B-waveforms. The H-coils consisted of 40 turns of 0.05(mm) diameter are mounted at the bottom of the specimen to measure H-waveforms.
In order to obtain sinusoidal alternating and rotating magnetic fields, as defined in Fig. 2 , at the center of the specimen, the exciting voltage-waveforms are controlled iteratively by comparing the desired B-waveforms with the measured ones from B-coils [4] . When the measured B-waveforms are coincided with desired ones via the waveform control function, the H-waveforms corresponding to the measured B-waveforms are obtained from H-coils [4] . 
Measured Results

It is interesting that the maximum magnitude of
H-waveform appears at the inclination angle of 60°, and it means that the non-oriented ESS has the smallest permeability around not 90° (=TD) but 60°. 
Finite Element Method Combined with E&S Vector
Hysteresis Model
E&S Vector Hysteresis Model
In the E&S vector hysteresis model which includes the classical eddy current field, the relationship between magnetic flux density and magnetic field intensity in a electrical steel sheet is defined as follows [5] , [6] :
where the subscripts R and T denote the RD and TD of the electrical steel sheet, respectively, τ stands for ∈  with ω as the angular frequency of the fundamental component of a B-waveform, ν and h are the magnetic reluctivity and hysteresis coefficients, respectively, B1 is the fundamental component of a B-waveform, σ and d are the conductivity and thickness of the electrical steel sheet, respectively.
In order to calculate the magnetic reluctivity and hysteresis coefficients, databases are first constructed from various elliptic B-waveforms defined in Fig. 2 and their corresponding H-waveforms measured by using the 2D SST [5] , [6] . For an arbitrary B-waveform, the corresponding H-waveform can be directly predicted from (1) with the coefficients interpolated from the databases via  m ax     of the B-waveform [5] , [6] .
Implementation to Finite Element Method
In order to apply the E&S vector hysteresis model to the finite element method (FEM), a governing equation is derived from Maxwell's equation as follows [6] :
where   and    are vector magnetic potential and applied current density, respectively,    is the B-waveform obtained in the previous iteration. In the analysis, the external circuit equation is combined with (2) to give a time variant solution. Since the magnetic reluctivity and hysteresis coefficients in (2) are expressed through  m ax     of a B-waveform, equation (2) together with the circuit equation is solved iteratively using a relaxation method as follows: Skew of rotor 1 slot
Step 1 Analyze the problem for one period by using typical FEM with the B-H curve model.
Step 2 For all elements, calculate  m ax     from the
B-waveform.
Step 3 Calculate the magnetic reluctivity and hysteresis coefficients ν and h from the databases, and analyze the problem for one period.
Step 4 Check the convergence of  m ax     for all elements.
Step 5 If converged, stop. Otherwise go to Step 6.
Step 6 Update  m ax     using relaxation method for all elements, and go to Step 3.
Iron Loss Analysis of Three-Phase Induction Motor Model
In order to emphasize the influences of the vector magnetic properties on the electrical machines, the numerical results by the E&S vector hysteresis model are compared with those by the typical B-H curve model which is one of the modeling methods describing the scalar magnetic property. Fig. 6 and Table 1 show the specifications of a two-pole three-phase induction motor model of which applied voltage and frequency are 110(V) and 60(Hz),
respectively. The motor model is made of the non-oriented silicon steel sheet 50PN600, and is assembled so that RD of the stator and rotor may coincide exactly with the x-axis. The rotor of the motor model does not have any conducting bars and is not rotated to make the experimental measurement easily.
In order to experimentally measure the magnetic flux linkages of each stator tooth and to see their differences according to their location, one-turn sensing coil is installed at each tooth as shown in Fig. 6(b) . (3, 9) , it is found that the experimental measurement and E&S model give more flux linkages to tooth 3, which locates along the RD, than the tooth 9, while the B-H curve model gives almost same flux linkages for all teeth. This phenomenon, as reported in [7] , comes from the anisotropic magnetic properties of the non-oriented ESS, and the E&S model takes the magnetic properties of the ESS into account properly while the B-H curve model not. The discrepancies between the measured and calculated flux linkages from the E&S model are considered to result from the skew effect of the rotor slots. areas, and especially there are large phase differences between B and H around region 2 with existence of the rotating magnetic field. Even in region 3 of the stator teeth having alternating magnetic fields, the phase differences occur. These phenomena cannot be observed through FEA using the scalar magnetic properties. Fig. 9 shows the B-and H-loci obtained from the E&S vector hysteresis model, and it can be seen that the rotating magnetic fields are existed in the most parts of the stator core. In Fig. 9 (b) and (c) having rotating magnetic field, it is found that the maximum magnitude of H-locus is different according to the inclination angle of 
where T is the period of the exciting current and ρ is mass density of the electrical steel sheet.
It is found that the E&S vector hysteresis model gives higher magnetic flux densities and iron losses in the stator core along TD than RD. In contrast, the B-H curve model estimates same distributions of the magnetic flux density and iron loss regardless of the direction in the stator core. These asymmetric distributions by the E&S vector hysteresis model come from the anisotropic magnetic properties of the non-oriented ESS, and are verified through local distribution measurement of the magnetic flux density and iron loss in a three-phase induction motor model reported in [7] .
In the numerical results calculated by the E&S vector hysteresis model, while the maximum magnetic flux densities are higher along RD than TD in the stator teeth, the corresponding maximum magnetic field intensities are higher along TD than RD due to the affect of the anisotropic magnetic property. This tendency is observed in the whole stator core, and cannot be found in the numerical results calculated by the B-H curve model.
Conclusion
In this paper, the iron loss analysis of the three-phase induction motor model considering the vector magnetic 
